I T HAS BEEN
established in man and in unanesthetized animals that during voluntary muscular exercise both ventilation and cardiac output increase as a function of work intensity (r-8) .
Thus, the working tissues are supplied with adequate oxygen and the carbon dioxide and heat produced within these tissues by the increased metabolic processes are removed. This integration of cardiac and pulmonary activity with body requirements is controlled by a regulatory mechanism which is not completely understood. A study of this regulatory system necessitates the use of anesthetized animals. Yet there is no adequate information correlating the changes in respiration and cardiac output in anesthetized animals during exercise. The present study was undertaken to investigate the quantitative behavior of the lungs and heart during induced muscular activity in an attempt to elucidate the fundamental mechanism of their operation during metabolic demand.
METHODS

Mongrel
dogs anesthetized with chloralose and urethane (50 and 500 mg/kg of body wt. i.v., respectively) were used. A tracheal cannula was inserted and connected to a Benedict-Roth metabolimeter to obtain a continuous record of oxygen consumption and ventilation including respiratory rate and tidal volume. This procedure was used because the cardiac output was calculated from oxygen consumption determinations. If the circulatory equivalent for oxygen is used to plot against oxygen consumption, both variables are made independent of each other, since CEoz is essentially I/(A-V),,. The average value of CEO2 is 2.1341 at rest and 1.3305 during exercise. The decrement, 0.8036, is significant at the I % level of probability. The data were also plotted in figure 4 . The CEO2 decreases curvilinearly as a function of oxygen consumption. This is in contrast to the behavior of VEoz during exercise.
Relationship between ventilation and cardiac output during exercise. Since both ventilation and cardiac output increased during exercise, it would be of interest to demonstrate the difference in behavior of these two variables during exercise by plotting the ventilation as a function of cardiac output. It should be noted that the plot does not imply that these two variables have a cause-effect relationship. It merely expresses the 'ventilation-cardiac output ratio' or the 'ventilation-perfusion ratio.' The equation fitted to the data is:
V (l/min. BTPS) = 2.7 C.O. (l/min.) - 1.99 indicating that ventilation increases more rapidly than the cardiac output as a function of muscular exercise ( fig. 5 ). The curvilinear relationship between ventilation and cardiac output during exercise indicates that the ventilation-perfusion ratio increases as a function of oxygen consumption. This ratio at rest in the present study is 1.23.
DISCUSSION
The results reported above were obtained by employing direct electrical stimulation to evoke muscular activity. In order to estimate the validity of our comparison of induced exercise with 'normal' exercise, data were obtained in dogs in which the spinal motor roots were stimulated at Lvl and LvII and the ventilatory responses were determined (I I). This method employed a more normal mode of muscle activation, nevertheless the results obtained were similar. It is of interest to note that the slope of the equation fitted to this group of data is 0.031 (covariance) which is apparently higher than, but insignificantly different from, that obtained by direct stimulation of the muscles (P > 0.10).
Electrically induced exercise has been widely used in physiological studies, but data concerning the effects of possible abnormal sensory stimulation resulting from this type of induced exercise are scarce. Comroe and Schmidt (12) attempted to induce exercise by electrical stimulation of spinal motor roots in animals, but the variability of response obtained indicated that no steady states had been attained.
Since the ventilation is adjusted to the oxygen consumption similarly in both direct muscle stimulation and in motor root stimulation, it is unnecessary to postulate the presence of of the values of VEo2 on the trained dogs went up as high as 7.12 during cardiac puncture. The circulatory equivalent for oxygen, however, seems to be little affected by cardiac puncture, as evidenced by the constancy of the CEoz in the trained dogs. In the present study, where sensory stimulation must be at the minimal level, the CEO2 is insignificantly different from that in the trained dogs.
Zuntz and Slowtzoff (4, 5) observed the ventilatory responses in unanesthetized dogs exercising voluntarily.
A plot of their data (8 l/min. The slope 6.95 is lower than that of the present study (b = &I), but this is expected if cardiac output is curvilinearly related to oxygen consumption.
With regard to the circulatory responses, it was found that a) cardiac output increased curvilinearly as a function of oxygen consumption (with its concavity downward), resulting in a decrease in CE,, during exercise; b) the increase in cardiac output was brought about by an increase in both the heart rate and stroke volume; c) the arteriovenous oxygen difference also increased during exercise.
With regard to the relationship between ventilation and cardiac output during exercise, it was found that ventilation increased more rapidly than cardiac output, resulting in an increase in the ventilation-perfusion ratio. It was also found that at rest the ventilation-perfusion ratios of dog resembled that of man.
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Data collected in 75 human subjects by II groups of investigators (16, 17) show that during moderate exercise ventilation is directly proportional to oxygen consumption. The ventilatory equivalent for oxygen averages 2.5. The increase in ventilation is accompanied by an increase in both rate and tidal volume. All of those observations are analogous to those of our present study in dogs.
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Hamilton et al. (I) have observed the cardiac responses during exercise in man. The circulatory equivalent of their subjects averages 2.89 at rest and 1.25 during exercise, showing also a decrement.
Both in man and in dogs the increase in cardiac output during exercise is accompanied by an increase in rate and in stroke volume. The ventilation-perfusion ratios in man and in dog at rest are I. 2 (ventilation 7.0 l/min., cardiac output 5.85 l/min.) and 1.23 (average of the present study), respectively.
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SUMMARY AND CONCLUSIONS
The respiratory and circulatory responses of ten anesthetized dogs during induced exercise were studied.
With regard to the respiratory responses, it was found that, a) ventilation increased as a rectilinear function of oxygen consumption and the relationship is a directly proportional 
